The present paper exposes a new analytical method developed, which allows determining the composition of a (nearly) arbitrary fuel mixture and its combustion products in real time during the combustion process.
Reference sources review. The problem of combustion gases, which are produced by industrial plants, (or so-called uncertified gases), is actual and open not only in the oil industry, but also in industrial furnaces. It is shown that the use of such gases can save costs on certified fuel natural gas, and avoid overuse [2] . This approach to the issue of non-certified gas burning will follow this article. It should also be noted that the burning of hydrogen-containing gas reduces CO 2 emissions into the environment. Consequently, the ecological aspect is affected. It is analyzed the impact of emissions factories engaged in natural gas combustion [3; 4] . It is shown how the burning of compressed gas by pipe strain increases vapor formation [5] . To be noted is that this does not affect the stack emissions. The model burn natural gas, oil, and gas of an unprotected, and it was taken to reconstruct the heat exchanger in a vertical position, and the output flue gases divided into two streams, one of which leads back to the steam boiler [6] . Flue gas losses, as well as unburned fuel amounts, are estimated at [7] . A model of steam boilers on the total load for natural gas is described [8] . The paper describes the impact of boilers simultaneously loss of energy.
The research goal is to develop a simulation model of the combustion of varying composition hydrocarbon gases in the combustion chamber, output values which are measurement process parameters such as flame temperature, the rate of fuel and oxidizer.
Research essence. Many sources, in particular [9] , contain a description of the procedure for calculation of the forward problem of determining burnt gas composition from the known fuel composition. The latter is, generally, a mixture. Based on the known mass or mole fractions of fuel components, as well as their chemical formulas, one writes the pseudo-formula of the fuel as 1 2 (1) (2) ( ) In the sequence, all calculations use as basis the expression (1), and the knowledge of the specific fuel components is not required. When determining the composition of an unknown fuel, its pseudoformula can be written in the same manner. The number of each element atoms is unknown in this case. Determining these numbers of atoms and, correspondingly, the composition of gases resulting from its combustion, is the solution of the extended problem considered here.
To resolve that we will use as starting point the model used for its solution in [9] , but we have to extend this model with closing equation which would allow finding additional unknowns iF b . O, we shall consider this model.
Matter conservation equation can be written as
where q -the number of combustion products; iq a -the number of atoms of the i th element in the q th burnt gas component; q n -number of moles of the q th species in the combustion products.
To obtain a simple formulation of chemical equilibrium equations, the following version of conservation equations is proposed at [10] and used at [9] :
In (3), unlike in (2), F M moles of fuel is taken into account, which is chosen such that the number ( ) q n of moles of the q th burnt gas species is equal to its partial pressure q P . In this case, F M is an additional unknown variable and must be defined. Given (3), the Law of Mass Constancy (chemical equilibrium law for partial pressures) can be written as follows
where , j i P P -respectively, the partial pressures of j dependent and i independent burnt gas species, from which the dependent ones can be formed M , Dalton's Law is used:
where P is the pressure of the burnt gas mixture in the combustion chamber.
Additional closure relations
The model including equations (3), (4), (5) can be used for the solution of the forward problem when the formula 1 of the fuel is known. Consider the solution of the extended problem for a common fuel type, where fuel and oxidizer are in gas phase:
-oxidizer composition is known (air, oxygen etc) -the fuel is a gas or gas mixture with unknown composition. In addition to (3), (4), (5) we define the closure relations. In gas phase, molar volumes of any ideal species are equal. Therefore, the ratio of volumetric fuel and oxidizer consumption rates equals their molar ratio in the considered combustion reactions. Thus, using equation (3), an additional balance equation for fuel and combustion products can be written as 0 ( )
where α -fuel excess coefficient; 0 χ -molar stoichiometric coefficient , ,
F
О q I I I -molar enthalpies of fuel, oxidizer and combustion products. An analogous form of this equation is used for the forward problem, i.e. for determining the burnt gas composition from the known reacting mixture. Temperature and composition of burnt gases are chosen such that the enthalpy balance holds. It is used only once during the calculation, namely to determine one additional unknown (temperature).
To apply eq. 6 for finding several additional variables, one can use the principle of a control system. During one of its steps, volumetric consumption rates of fuel and oxidizer (1) (
,
ured together with the corresponding temperature (1) T of the combustion products (upper index (1) ) . To equation (6), the following expression can be applied:
where ,
are the volumetric consumption rates, and the temperature (1) T is related to the enthalpies (1) q I and partial pressures of combustion products. Thereby, the number of unknowns in the extended problem increases compared to the forward problem: with the known (measured) temperature and fuel and oxidizer consumption, the coefficients in the pseudo-formula (1) are computed, as well as the burnt gas composition such that enthalpy balance is maintained. The list of chemical elements the fuel is composed of must be known ( ) There is no limitation on the list as such; it can be deduced from the properties of the raw materials, which are processed for production of the unconventional fuel.
If the fuel is composed of n elements, then the number of additional unknown values is (n+1), as the enthalpy needs to be determined. Therefore, (n+1) Equations of the type of eq. 6 must be formulated. Each such equation has an associated measurement (1) (1)
, ,
In the test mode of the combustor,
For an assumed number of species in burnt gases, for each equation of type 6 one has to formulate n+1 equations of the main model (3), (4), (5); considering the n+1 new variables, ( ( 1) 1) ( 1) q n + + ⋅ + equations altogether. So, for instance, for a hydrocarbon fuel consisting of two elements (carbon [C] and hydrogen [H] )), and when oxygen [O] is used as oxidizer, 9 q = species can be considered as combustion products:
In this case, to solve the forward problem we have to solve a system of ( 1) 10 q + = equations and ensure balance in eq. 6. For the solution of the extended problem, a system of ( (9 1) 1) (2 1) 33 + + ⋅ + = equations must be solved.
Implementation details
To verify the proposed model and to study the associated numerical phenomena, we used the fuel-oxidizer pair СН 1,956 (kerosene) + О 2 (liquid oxygen); data on combustion products are given in [11] . When preparing input for computation:
-we chose some value of the coefficient α , computed the corresponding molar fuel/oxidizer ratio, which was considered equal to (1) (
-the temperature T of the combustion chamber for the chosen value of α was taken as the measured temperature (1) T [11] . The fuel in our test pair consists of [C] and [H] . This must be known a priori, which is a limitation of the model. In this situation, we need to perform 1 3 n + = measurements of technical parameters for any oxidizer consumption. Therefore we prepared 3 sets of input data , , . Fuel enthalpy is provided in two forms, because it is given in the first version while our calculations were performed using molar variables [5] . The molar mass of kerosene used for conversion is 13,9824 kg kmol μ = . At the first testing stage, the forward problem based on Equations (3), (4), (5) was solved. The solution method for the initial system of equations and the polynomials for computing enthalpies and entropies of combustion products are adopted as described in [2] and applied in [11] . Enthalpy balance between fresh and burnt gases serves as closure. Therefore, the error of enthalpy approximation was estimated. It is noted that the absolute approximation error for HCl at T=3000 K is ~0,008 kJ/mol compared to [7] , which 17 % in relative terms [2] . The computed enthalpy is 0,464 kJ/mol. This is adopted as allowed tolerance, as it leads to an error of not more than 2.2 K when computing temperature. This is realistic. But comparison of enthalpies of our combustion products at T=3000 K computed according to [2] with the data from [7] yields somewhat different values, both the absolute and on the relative scale. The results of the comparison are given in Table 1 .
As we can see from the data comparison, the differences are substantial. When formulating enthalpy balance in a combustion equation, the fresh gas enthalpies are taken from tables (exact), while the enthalpy of products is computed using polynomials (with an error) [2] . It is noted that the achieved accuracy, and hence, the point at which a computation can be stopped, was set by the error in determination of combustion products (partial pressures), and the remaining enthalpy misbalance is not discussed [2] .
In the present model, enthalpy balance is the main criterion for the computation of the unknown fuel composition. Therefore, the necessity arose to verify, how accurately this balance is maintained during the computations [11] . The possibility of using available data for model verification also needed to be checked. For the chosen fuel-oxidizer pair, a number of computations for different ratios of components were carried out. The results are given in Table 2 , together with the results of [11] . Table 1 Comparison of enthalpies of combustion products computed using polynomials from [1] and of the data from the tables in [6] * , kJ/mol To correct for the enthalpy balance, the computations were performed until relative accuracy of ~10 -4 was reached. The data are provided for combustion chamber pressure of 1 bar
Partial pressures are also measured in bar. As in [2] , the computation is done such that partial pressures are equal to mole fractions of combustion products. Consumption rate of the combustion products is 1 kmol/s.
Comparison of results shows that at α=0,4, the computed temperature and enthalpy of products are close to the values provided [11] . For 0,7 α = and 2,0 α = , temperature deviations are insignificant and amount for 16 
, respectively, with relative errors of 0,5 % ε ≈ and * P I -enthalpy computed using the model from [1] ; Т I -looked up enthalpy from [7] 1, 4 % ε ≈
. Enthalpies of combustion products have significant misbalance with fresh gas enthalpies: 20 % for 0,7 α = , and 46 % ≈ for 2,0 α = [11] . Nevertheless, the partial pressures of combustion products are approximately equal in both cases.
We can conclude that -the proposed model and of the (mathematical) accuracy of its results functionality should be performed using the corrected, compared to [11] , temperatures evaluation; -the data [11] can be considered as a hint for controlling the computed burnt gas composition; -high sensitivity of the enthalpy of combustion products can lead to numerical instability when solving the system of nonlinear equations arising in the proposed model.
To solve the extended problem, points corresponding to 0, 4; 0,7; 1,0 α = are taken. The corresponding ratios of volumetric consumptions (7) are computed. Forward problems are solved, and the corresponding temperatures and burnt gas compositions are computed. With the proposed model being mathematically correct, the numerical solution procedure of the associated system of equations turned out to be numerically unstable, sensitive to initial approximations. To improve stability, one has to find some strong relation between unknown variables, which does not change while combustion products are being computed. To this aim, the ratio between the number of [C] and [H] atoms in the fuel at 1 α = (stochiometric ratio of components), on one hand, (7) yields for 1
On the other hand, at the stochiometric ratio the maximum number of valences of oxidizing elements equals the maximum number of valences of reducing elements. Therefore, we can write the following balance for hydrocarbons and oxygen
and derive from it atomic balance for oxygen:
This equation can be used as this one of the closing equations instead of an enthalpy equations (6). Thereby we can drop the computation of combustion products for one of the measurements, which accounts for 10 equations in the kerosene-oxygen system, so that the total number of equation reduces from 33 to 23. In practice, when maximum-temperature feedback control is used, the ratio of fuel and oxidizer volumetric consumption rates corresponding to the stochiometric ratio can be determined as follows:
-measured volumetric consumption rates at maximum temperature; -from a few measurements (when possible, on both sides of the temperature maximum) one can establish an approximate dependence of temperature on the ratio between the volumetric consumption rates of fuel and oxidizer; based on this dependence, the ratio of the consumption rates for the maximum temperature is determined; -combination of the first and the second method, with averaging of the found values provided they are different.
In the final version, the test computation was performed for two volumetric ratios:
(1) 0,5956
0, 4 α = and (2) 0,7 α = , and temperatures (1) 2125 K T = and (1) 3081 K T = ( Table 2 ). The volumetric ratio at the stoichiometric ratio is assumed as
The choice of m independent components out of the q species in the burnt gas mixture, using which one can formulate l independent reactions of formation of remaining ( ) q m − species, is substantial for writing down equations (4). The easiest, most convenient and most consistent choice is to ISSN 2076- (3), (4), (5), corresponding to the two measurements of temperature and volumetric consumption. Each set describes 9 unknown partial pressures (8) and F M , corresponding to a specific measurement; two equations (6) corresponding to these same dimensions; -equation (11). Therefore we have a system of 23 algebraic equations, many of which are nonlinear. The solution should be found numerically. As unknowns, it is useful to take the logarithm of the actual variables. The logarithmic form ensures that the unknowns will not vanish for any temperature of pressure. It also excludes the possibility of appearance of negative partial pressures during the computation, which would have no physical meaning. It also improves numerical stability of the solution, which is found using Newton's method based on Taylor expansion up to power one. The derivatives are also determined with respect to the logarithms of the unknowns, rather than the unknowns themselves. Corrections are also done for the logarithms. To improve numerical stability, special measures are taken. The new approximation is computed by adding only a fraction of the computed correction to the previous value. The value of this fraction is given by the lower relaxation coefficient. It is chosen experimentally in the interval [0...1] , and given before the start of the computation. The pressure in the combustion chamber is 1 bar
The lower relaxation coefficient is 0, 4 k = in all cases. Table 3 Results of the extended model computation using equation (11) Init. approx. Computation results are provided in Table 3 . It contains: Column 1: P -partial pressure (bar); F M -number of kmol of fuels in the reaction required to obtain 1 kmol of combustion products; (1) , (2) -upper indices indicate the number of the measurement, to which the considered parameter belongs; H C , b b -number of hydrogen and carbon atoms in the fuel; F I -fuel enthalpy (kJ/mol). Column 2: initial approximations. Columns (3...6): computation data for the extended problem after 5, 10, 15, 20 steps, respectively. Column 7: corrected data, obtained when solving the forward problem (Table 2) , used for accuracy estimation of the considered problem (reference values).
Column 8: computation results for the extended problem obtained with the initial data (temperatures) from [11] .
Results. The comparison results analysis provides the following issues: -comparison of columns 6 and 7 shows that the solution is obtained with a high level of mathematical accuracy, i.e. the model does not yield any distortions related to assumptions or numerical errors. Insignificant deviations (in the fourth digit) can be explained by the fact that the reference values (column 7) were obtained with the same accuracy;
-fast convergence of computation results (columns 3...6) allows an indirect conclusion that the numerical solution is highly stable -test computations and comparison of results (columns 7 and 8) demonstrate high sensitivity and significant error when determining quantitative fuel composition and enthalpy. But the error in the determined burnt gas composition is not that large (it is observed when solving the forward problem), and in this case they do not exceed half of the second significant digit, which corresponds to relative error of ~ 0,05 (engineering accuracy).
Conclusions.
-the mathematical model based on equations of the type (3...6), (11) for gaseous fuel allows determining its quantitative composition, enthalpy, burnt gas composition using as input variables some measured technical parameters (consumption rates of fresh gases and corresponding temperatures in the combustion chamber) and the known elemental -the mathematical accuracy of the model allows applying the obtained data to estimate the sensitivity of computation results on the inaccuracy of the measurement channel of initial technical parameters; -when solving real technical problems, enthalpies and entropies of combustion products must be determined based on tables of type [12] or using software packages, tabulating databases of similar type. Polynomial dependencies for calculation of enthalpy and entropy of combustion products described cannot be used for solving the extended problem due to substantial approximation error [2] .
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